Rapid access to lung-derived cells from stable subjects is a major challenge in the pulmonary hypertension field, given the relative contraindication of lung biopsy. In these studies, we sought to demonstrate the importance of evaluating a cell type that actively participates in disease processes, as well as the potential to translate these findings to vascular beds in other nonlung tissues, in this instance perivascular skin mesenchymal cells (MCs). We utilized posttransplant or autopsy lung explant-derived cells (ABCG2-expressing mesenchymal progenitor cells [MPCs], fibroblasts) and skin-derived MCs to test the hypothesis that perivascular ABCG2 MPCs derived from pulmonary arterial hypertension (PAH) patient lung and skin would express a gene profile reflective of ongoing vascular dysfunction. By analyzing the genetic signatures and pathways associated with abnormal ABCG2 lung MPC phenotypes during PAH and evaluating them in lung-and skinderived MCs, we have identified potential predictor genes for detection of PAH as well as a targetable mechanism to restore MPCs and microvascular function. These studies are the first to explore the utility of expanding the study of ABCG2 MPC regulation of the pulmonary microvasculature to the epidermis, in order to identify potential markers for adult lung vascular disease, such as PAH.
Pulmonary vascular dysfunction or disease (PVD) is characterized by altered lung vascular structure and function. A significant loss of vascular-bed function, as seen in PVD, is thought to precede the clinical presentation of pulmonary hypertension (PH). 1 PH is associated with a wide array of comorbid conditions, such as systemic sclerosis, chronic obstructive pulmonary disease (COPD), and pulmonary fibrosis, and also occurs as a primary PVD known as either idiopathic pulmonary arterial hypertension (IPAH) or heritable pulmonary arterial hypertension (HPAH). [2] [3] [4] PH is characterized by elevated pulmonary artery pressures and widespread vascular remodeling, including endothelial cell dysfunction and occlusion or rarefaction of the peripheral pulmonary microvasculature. [5] [6] [7] All forms of PH have a high mortality rate despite current therapeutic options. The current limited understanding of PVD as a predecessor to PH and lack of diagnostic approaches or criteria specific to preclinical PVD have hampered the study of the early stages of PVD in both rodent models and the clinical setting.
Approximately 80% of HPAH patients have a known mutation in the gene bone morphogenetic protein receptor type 2 (BMPR2). BMPR2 mutation-associated PAH is an autosomal dominant disease with low penetrance (approx. 20%); hence, not all mutation carriers develop PAH. In addition, approximately 20% of patients initially labeled as having IPAH also have a mutation in BMPR2 and thus heritable disease. 8 In addition to genetic mutations, dysregulated BMPR2 signaling is strongly associated with the development of IPAH and other forms of PAH. 9, 10 Thus, impaired BMPR2 signaling is a common feature in PAH pathogenesis, although not the only feature; for example, mutations in caveolin 1 (CAV1), KCNK3, and other genes have also been identified. 11 While BMPR2 is clearly related to PAH, other factors influence the disease onset, progression, and symptoms.
To date, the exact molecular mechanisms through which BMPR2 derangement promotes PVD and PH are unknown. Unfortunately, most genetic rodent models of PAH do not precisely recapitulate the disease pathology, displaying less substantial pulmonary vascular remodeling and inflammation. 12 Alternative animal models have been used, such as monocrotaline injection, hypoxia, or the combination of a vascular endothelial growth factor (VEGF) receptor antibody and hypoxia. These toxin-or pharmacologically induced rodent models of PAH display substantial remodeling but are most likely the result of nonspecific activation of signaling networks by mechanisms that are not representative of the underlying causes of PAH, and they are complicated by the fact that the animal models will recover from these injuries. 12 Because of the limitations of animal models, predictive biomarker and drug discovery efforts have thus far been of limited success.
Our previous work demonstrated that ABCG2-expressing mesenchymal progenitor cells (MPCs) are well poised to mediate vascular homeostasis, repair, and injury response in murine models of PAH and PH associated with fibrosis, as defined by leak, vessel loss, or muscularization. [13] [14] [15] We have identified ABCG2 MPCs as a noncontractile pericyte precursor population. These MPCs support microvessels during homeostasis and contribute to remodeled microvasculature and parenchyma after injury. 10, 13, 15 On the basis of this work, we theorize that during disease, ABCG2 MPCs influence microvessel function and remodeling. We therefore propose that ABCG2 lung MPCs are a target to identify underlying processes involved in the development of PVD and PAH/PH. Rapid access to lung-derived cells from stable subjects is a major challenge in the PH field, given the relative contraindication of lung biopsy. To address this issue, we utilized lung explant-derived mesenchymal cells (ABCG2 MPCs, fibroblasts) and skin-derived mesenchymal cells (MCs). Our current approach allowed us to test the hypothesis that perivascular ABCG2 MPCs derived from PAH-patient lung and skin would express a gene profile reflective of deregulated bone morphogenetic protein (BMP) signaling and ongoing vascular dysfunction ( Fig. 1 ). In these studies, we sought to demonstrate the importance of evaluating a cell type that actively participates in disease processes versus a bystander, as well as the potential to translate these findings to vascular beds in other nonlung tissues, in this instance perivascular skin MCs. We chose to evaluate PAH MPCs because of the association of both IPAH and HPAH with deregulated BMPR2 signaling. By analyzing the genetic signatures and pathways associated with abnormal ABCG2 lung MPC phenotypes during PH and evaluating them in lung-and skin-derived MCs, we have identified genes associated with PVD. These genes may next be evaluated in more accessible tissue, such as plasma, for their utility as biomarkers or predictor genes. In addition, these studies have highlighted DKK1-LRP6 signaling as a targetable mechanism to restore MPC and microvascular function.
METHODS

Isolation and characterization of primary ABCG2 lung and skin MPCs
Human lung plastic adherent cells were isolated from explant lung tissue after autopsy or transplant by collagenase digest (Vanderbilt Institutional Review Board [IRB] protocol 9401) to form a suspension. The cells were stained with antibodies to sort CD45 negative ABCG2 cells (lung MPCs) in a BD FACSAria III (BD Biosciences, San Jose, CA). Fluorescent minus one (FMO) and IgG2b isotype (eBioscience, San Diego, CA, catalog no. 12-8888-82) controls were used to set the ABCG2-PE gates. DAPI (4′,6-diamidino-2-phenylindole) was used to exclude dead cells. The compensation controls were established as cells only, cells + DAPI, cells + APC-CD45 antibody, and cells + PE-ABCG2 antibody; alternatively, compensation beads were used. The gating strategy routinely included forward-scatter/ side-scatter (FSC/SSC), single cells gated by SSC-Width (SSC-W)/ SSC-Height (SSC-H), FSC-W/FSC-H, DAPI+Ter119 to gate out dead and red blood cells followed by gating on the CD45 negative population. The sort sample consisted of cells + DAPI + APC-CD45 antibody + PE-ABCG2 antibody. A summary of human MPC lines and characterization is presented in Table 1 .
Identification and localization of ABCG2 skin MPCs
All procedures and protocols were approved by the Institutional Animal Care and Use Committee at Vanderbilt University. Mice were on a C57Bl6/B129 background. ABCG2-CreERT2 mice, obtained in collaboration with B. P. Sorrentino, 16 were crossed to a fluorescent eGFP (enhanced green fluorescent protein) reporter ((Cg)-Gt(ROSA) 26Sortm4(ACTB-tdTomato,-EGFP) labeled as Rosa26 mtomato/mGFPlox-stop [reporter mice; Jackson Laboratory, stock no. 007676], or Rosa26 mT/mG ) strain to facilitate lineage-tracing analysis. Mice were injected intraperitoneally at 8-10 weeks of age with 0.5 mg tamoxifen in a single dose, as previously described. 15 
Patient skin fibroblast isolation and identification and characterization of the BMPR2 mutation
The subjects were recruited through the Vanderbilt Pulmonary Hypertension Center. The Vanderbilt University Medical Center IRB approved all study protocols (protocol 9401). All participants gave informed written consent to participate in genetic and clinical studies and underwent genetic counseling in accordance with the guidelines of the American College of Chest Physicians. 17 The PAH phe- notype was defined according to accepted international standards of diagnosis, as previously described. 10, 18, 19 Skin biopsy specimens were obtained via a sterile 3-mm punch skin biopsy. Primary skin fibroblasts were cultured and sequenced as previously reported. 10, 20 A summary of human skin mesenchymal lines and characterization is presented in Tables 1 and 2.
Transcriptome analysis
Array analysis and qRT-PCR (quantitative reverse transcription polymerase chain reaction) validation were performed as described previously. 13, 14 Briefly, total RNA was prepared with Qiagen RNA Isolation Kit reagents (Qiagen, Valencia, CA) for total RNA isolation and analysis of gene expression. The qRT-PCR assays were performed Note: FB: fibroblast; HPAH: heritable pulmonary arterial hypertension; IPAH: idiopathic pulmonary arterial hypertension; mut: mutant; ND: not determined. in triplicate, and levels of analyzed genes were normalized to hypoxanthine phosphoribosyltransferase (HPRT) or glyceraldehyde-3phosphate dehydrogenase (GAPDH) abundance (the primer list is provided in Table S1 ; Tables S1-S4 are available online). Complimentary DNA (cDNA) generated from amplified RNA was hybridized to duplicate Affymetrix (Santa Clara, CA) Human Gene 1.0 ST chips.
Gene ontology groups were analyzed and compiled with Webgestalt (Vanderbilt University); heat maps with JMP, version 9 (JMP9); and the correlation plots with Microsoft Excel. Statistics were calculated with JMP9.
Western blot analysis
Total-protein extracts were made by scraping cells in radioimmunoprecipitation assay buffer (Cell Signaling, Boston; catalog no. 9806S) containing protease and phosphatase inhibitors (ThermoFisher Scientific, Waltham, MA; catalog no. 78444). After determination of protein concentrations and standardization, cell lysates were mixed with reducing agent and an equal volume of Laemmli sodium dodecyl sulfate (SDS) loading buffer, resolved on 4%-12% polyacrylamide-SDS gels, and transferred to polyvinylidene difluoride membranes. The blots were blocked with Tris-buffered saline containing 5% fetal bovine serum and 0.1% Tween 20 and then treated with antibodies that detect the target proteins, as labeled in Figures 5 and 7 , overnight at 4°C. The blots were washed and subsequently treated with appropriate secondary antibodies conjugated to horseradish peroxidase. After the blots were washed, specific immune complexes were visualized with SuperSignal West Pico chemiluminescent substrate (Table S1) . Where membrane and cytoplasmic fractions were probed, protein extracts were made with the Mem-PER Plus kit (ThermoFisher Scientific, catalog no. 89842).
Modulation of DKK1 activity in isolated human lung MPCs
Modulation of DKK1 signaling was performed by stimulation with DKK1 treatment or DKK1 inhibition with gallocyanine. Control and PAH human lung MSCs were plated at 50,000 cells per well with the following treatment conditions: untreated, 1N ammonium hydroxide (Sigma-Aldrich, St. Louis, MO, catalog no. 318612), 100 μM gallocyanine (Sigma-Aldrich, catalog no. 124508), and 100 ng/mL DKK1 (OriGene, Rockville, MD, catalog no. TP723065). After 48 hours, cells were washed with 1× Dulbecco's phosphate-buffered saline (Gibco, by Life Technologies, Carlsbad, CA, catalog no. 14190-144) and lysates were collected. RNA was isolated from the cell lysates with the RNeasy Mini Kit (Qiagen, catalog no. 74106). The cDNA was synthesized from total RNA with the QuantiTect Reverse Transcription Kit (Qiagen, catalog no. 205311). The qRT-PCR validation was performed, and the level of gene expression of analyzed genes compared to HPRT or GAPDH was assessed (Table S1 ).
Detection of DKK1 in human lung tissue specimens
Human tissue was obtained from PAH patients after approval from the Vanderbilt University IRB (3 controls, 3 PAH patients with different mutations, and 3 IPAH patients). These samples originated from postautopsy specimens. Sections of patient lung tissue were evaluated by antibody staining for the presence of the secreted Wnt inhibitor DKK1, with DAB (diaminobenzidine) detection. Images were captured with a Nikon Eclipse 90i/DSFi-1 using NIS Elements software. 
Statistical analysis
RESULTS
Identification of a diagnostic pattern of gene expression in lung ABCG2 MPCs during PVD/PAH
We are focused on identifying underlying mechanisms by which MPCs regulate pulmonary microvascular stability and dysfunction leading to the development of PVD associated with chronic diseases, including PAH. The novel regulatory factors and pathways involved in this process may then be evaluated as potential biomarkers to enhance diagnosis of disease before the onset of clinical symptoms, when the pulmonary vascular bed has been significantly compromised. We initially compared the global gene expression patterns of primary ABCG2 MPCs isolated from control and PAH patients ( Fig. 2A ; Table S2 ). Genes were selected for validation by qRT-PCR on the basis of a 2-fold or greater change in expression, compared to controls, and their gene ontology association with vascular processes, as well as the BMPR2 or Wnt signaling pathways ( Fig. 2B ; Table 3 ). We analyzed the additional targets WISP1 and LRP6 because they are a Wnt target gene that regulates BMP2 activity and a Wnt coreceptor, respectively. 31, 32 NEO1 demonstrated increased expression, along with PEAR1, WISP1, LRP6, and SPON2. 21, 22 DKK1, PDK4, RGS5, and PTGS2 showed decreased expression. We have validated a set of genes with differential expression between control and PAH ABCG2 lung MPCs.
Previous gene array studies have utilized mixed and heterogenous populations of lung cells/tissue in which subtle but important genetic changes may be masked. In order to identify whether the selected gene expression patterns identified were universal to all pulmonary MCs, we compared gene expression of heterogenous lung fibroblasts to the specific and enriched subpopulation of ABCG2 MPCs isolated from the same patient. WISP1, NEO1, SPON2, and PDK4 exhibited the same trends in gene expression as in the MPCs (Fig. 2C ). However, RGS5, LRP6, and DKK1 were unchanged and did not resemble the MPC profile. These data illustrate differences in gene expression profiles between mesenchymal subpopulations within the lung and the importance of studying subpopulations to understand signaling mechanisms unique to the specific function of each population.
The diagnostic pattern of gene expression in ABCG2 MPCs extends to skin
Our previous studies have demonstrated that ABCG2 lung MPCs are a perivascular pericyte precursor in the alveolar-capillary net- work of both murine and human lung. [13] [14] [15] We recently reported that induced pluripotent stem cell-derived cells from PAH patients, as well as skin fibroblasts (FBs) and lung MPCs, exhibited common genetic signatures associated with PAH. 10 In addition, unlike lung FBs, skin MCs form colony-forming unit FBs, a characteristic of MPCs. This may be attributed to the skin FB isolation procedure that enriches for cells that migrate from biopsies to plastic. Skin FBs are an accessible patient source of perivascular and other MCs, ideal for cell isolation and gene expression studies. Microvascular pathology in both lung and skin is also present in systemic sclerosis, which suggests that the skin-derived MCs may share similar gene signatures with lung MPCs and therefore may be exploited to identify changes in the pulmonary vascular bed as well as tissuespecific patterns of protein expression. 4, [33] [34] [35] [36] In order to identify whether the selected gene expression patterns identified were recapitulated in skin MCs, we analyzed gene expression of human skin FBs. Cells were isolated from 5 groups: controls, patients with known BMPR2 mutations but not PAH, patients with known BMPR2 mutations and PAH, patients with IPAH, and patients with CAV1 mutations and PAH. Gene expression trends for LRP6 were the same as those described for lung MPCs (Fig. 3A) ; however, while DKK1 expression in the CAV1 mutants resembled that in lung MPCs, IPAH cells demonstrated increased levels of expression. WISP1 and RGS5 expression did not change in the known-BMPR2-mutation-with-PAH group versus controls. WISP1 expression did, however, significantly increase in the CAV1-mutation PAH group. NEO1 expression was variable in the skin cells. Interestingly, PDK4 gene expression was significantly increased in the known-BMPR2-mutation-with-PAH group versus controls, opposite of the lung MPCs. Immunofluorescent staining to detect DKK1 and PDK4 in control versus HPAH skin and lung cells suggested differences in protein localization, with the HPAH cells exhibiting increased perinuclear DKK1 and PDK4 protein (Fig. 3B) .
Skin MCs, similar to those in the lung, can be further enriched with ABCG2 to isolate MPCs with clonogenic potential similar to that of lung MPCs (Fig. 4A, 4B ; Tables 1, 2 ). Lineage analysis shows that murine skin ABCG2 MPCs, like murine lung MPCs, localize to a perivascular niche ( Fig. 4C-4K ). Global gene expression analysis was performed to characterize lung versus skin MPC tissue-specific patterns of gene expression. To identify similarities between lung and skin MPCs, MPC samples were compared against lung FBs. Fold change of lung MPCs was plotted against that of skin MPCs. A Pearson correlation value of r 2 = 0.7599417 was obtained for the values of the 356 genes that identified similarities between the MPC populations ( Fig. 4L ; Table S3 ). Hierarchical clustering of gene expression, selecting differences of more than 1.5-fold with a P value of 0.05, identified 88 differentially expressed genes ( Fig. 4L ; Table S4 ). Tissue-specific differences in genes associated with BMP and Wnt signaling, as well as with angiogenesis, were also identified ( Fig. 4M-4O ). Both DKK1 and LRP6 were differentially expressed.
Targeting of the DKK1-LRP6 axis in BMPR2-mutant PAH MPCs
Wnt signaling is regulated by BMP signaling during lung development and disease. 13, [37] [38] [39] [40] Our recently published work showed that decreased BMPR2 signaling increased Wnt/β-catenin signaling in human PAH MPCs as well as in murine control and human wildtype (i.e., nonmutant) MPCs after BMPR signaling inhibition. 10 DKK1 is a potent canonical Wnt signaling inhibitor as well as an activator of noncanonical Wnt. 32, 41 Because DKK1's differential expression, as well as that of its receptor LRP6, was maintained in MPCs from both lung and skin, we next analyzed protein expression as well as targeted activation or inhibition of DKK1. Quantitative Western blot analysis detected increased levels of DKK1 and decreased levels of LRP6 protein in lung MPC, in a reciprocal trend 29, 30 Note: BMP: bone morphogenetic protein; PAH: pulmonary arterial hypertension. likely attributable to LRP6 internalization in the presence of DKK1 ( Fig. 5A-5C ).
To examine the effects of DKK1 on MPCs, we exposed MPCs to recombinant protein and analyzed the gene expression levels of DKK1, LRP6, and the pericyte/VSMC (vascular smooth muscle cell) markers ACTA2 (smooth muscle alpha actin) and CSPG4 (NG2) as well as the matrix protein genes COL1A1, COL3A1, and FN1. Interestingly, treatment of control or BMPR2-mutant PAH MPCs with recombinant DKK1 revealed that only the PAH MPCs responded with increased gene expression characteristic of a remodeling or a myofibroblast transition (Fig. 5D) .
To test the effect of the converse, we treated the control or BMPR2-mutant PAH MPCs with a DKK1 antagonist, gallocyanine, 32 and decreased the expression of all the genes, with the exception of LRP6. Taken together these results suggest that decreased BMPR2 signaling inherently alters the PAH MPCs, driving an abnormal response to DKK1, and that this pathway is targetable.
Immunostaining was performed to detect and localize DKK1 in PAH patient lung tissue sections. DKK1 localized to alveolar epithelium, while the smooth muscle layer of the vasculature appeared negative in control lung tissue samples ( Fig. 6A-6D ). PAH lung tissue exhibited increased levels of DKK1 localization to the smooth muscle and perivascular regions, independent of BMPR2 mutation type ( Fig. 6E-6J ).
Pathological changes in the DKK1-LRP6 axis are present in human PVD associated with chronic lung disease PH complicates many adult chronic lung diseases, so we next analyzed whether lung MPCs from COPD and idiopathic pulmonary fibrosis (IPF) tissue displayed trends in gene expression similar to those in the PAH MPCs. Interestingly, PDK4 and RGS5 expression was decreased in all MPCs evaluated (Fig. 7A) . DKK1 levels were decreased in IPF and PAH but increased in COPD tissue. LRP6 and SPON2 demonstrated increasing trends in expression relative to controls. DKK1 expression and localization were examined by immunostaining. Similar to the finding in PAH tissues, DKK1 localized to the alveolar epithelium, and increased levels of DKK1 staining intensity were detected as well as increased localization to the smooth muscle and perivascular regions ( Fig. 7B-7F ). Western blot analysis of IPF lung MPCs suggest a trend in increased DKK1 protein levels with disease ( Fig. 7G) . These results suggest that the DKK1-LRP6 pathway may be affected in PVD associated with multiple adult chronic lung diseases.
DISCUSSION
Our studies utilizing primary human ABCG2 lung MPCs successfully identified gene changes characteristic of PAH that can also be detected in lung and skin MCs. The underlying concept is that there are common gene expression patterns and signaling pathways during lung vascular disease that are echoed throughout the body, common to specific cell types (Fig. 1) . The altered gene expression patterns of DKK1 and LRP6 were highlighted as potential markers of PVD and PAH in skin MCs. Manipulation of the DKK1-LRP6 interaction in vitro demonstrated that increasing DKK1 exacerbated a pro-remodeling or myofibroblast-like lung MPC phenotype only in the presence of BMPR2 mutation. These studies provide the first documentation that these novel targets, DKK1 and LRP6, may be useful as markers of PVD and that their manipulation may be useful for restoration of ABCG2 lung MPCs as well as pulmonary microvascular function in vivo.
Our data show that the differential expression of a few genes by perivascular lung MPCs associated with PVD could also be detected in perivascular skin MCs. In light of these results, it is interesting to consider the possibility of utilizing skin cells as a reservoir for information regarding the function of the pulmonary vasculature if plasma samples do not recapitulate a vascular-associated gene expression profile. DKK1 gene expression was decreased in both lung MPCs and skin MCs (BMPR2 and CAV1 mutants), while protein levels were increased during PAH. The opposite was detected for LRP6, the Wnt ligand coreceptor and receptor for DKK1. The expression trend for LRP6 was recapitulated in IPAH and CAV1mutant skin MCs. The apparent difference between the DKK1 gene expression in IPAH relative to that in HPAH and CAV1-mutant cells may be attributed to differences in the molecular mechanisms of disease. For example, differences between PAH samples may be attributed to patient-specific genetic modifiers, inherent differences in Wnt ligand-mediated canonical or noncanonical signaling activity, LRP6 activity, and subcellular localization as well as variable levels of BMPR2 signaling and SMAD activity. BMPR signaling through SMADs 1/5/8 has been shown to regulate transcription of Dkk1 during patterning in development. [41] [42] [43] [44] [45] [46] PDK4 can also directly phosphorylate SMADs 1/5/8 and regulate their activity. 47 Because deregulated or reduced BMP signaling is a common feature of PAH, 8, 48 it is not surprising that the gene expression trends would be similar in the skin MCs from BMPR2-mutant, CAV1-mutant, and IPAH patients.
DKK1 is also a TCF/β-catenin target gene that inhibits Wnt signaling via binding the Wnt/frizzled coreceptor LRP6, preventing ligand activation of the canonical/β-catenin pathway. 26, 32, 41, 49 DKK1 binding to LRP6 may also decrease Wnt/β-catenin signaling map analysis of gene similarities and segregation between control skin and lung MPCs; yellow and red indicate high and low levels of expression, respectively. M-O, Probes belonging to gene ontology functional categories were selected from the whole expression data of the lung and skin MPC groups, and corresponding heat maps of expression data were constructed. A self-contained gene set test, ROAST, was employed to test for significant change in expression of sets (BMP signaling: P < 0.004; Wnt signaling: P < 0.006; angiogenesis: P < 0.01). Representative gene changes of >1.5-fold with P < 0.05 are depicted. eGFP: enhanced green fluorescent protein; FB: fibroblasts; huLung: human lung; huSkin: human skin; MC: mesenchymal cells; MPC: mesenchymal progenitor cells; SMA: smooth muscle actin; SSC-A: side-scatter. Figure 5 . DKK1 regulates gene expression in isolated PAH patient BMPR2-mutant cells. A, Western blot analysis was performed with cell lysates from lung MPCs to detect DKK1 and LRP6 levels. B, C, Densitometry was performed and normalized to β-actin housekeeping levels. Three control, 2 BMPR2-mutant HPAH, and 4 IPAH patient lung MPC lines were analyzed per group. D, E, Modulation of DKK1 signaling was performed by stimulation with DKK1 treatment (100 ng/mL) or DKK1 inhibition with the antagonist gallocyanine (NCI8642; 100 μm). The resulting gene expression was analyzed after 48 hours. A qRT-PCR analysis was performed to analyze changes in gene expression by control or BMPR2-mutant HPAH lung MPCs. In addition to that of LRP6 and DKK1, expression of genes associated with pericyte differentiation (ACTA2, CSPG4) and matrix production (COL1A1, COL3A1, FN1) was also analyzed. All amplification was normalized to a housekeeping gene, and the results are presented as mean fold change over untreated controls ± standard error. *P < 0.5; **P < 0.01. via stimulation of receptor internalization, 26, 32, 49, 50 which is regulated by CAV1, a mutation associated with HPAH. 51, 52 Interestingly, DKK activity is also regulated by hormone levels, including aldosterone, estrogen, and parathyroid hormone, which is particularly important, given that PAH affects predominantly females. Aldosterone levels regulate DKK1 expression, which was then identified as a modifier gene for potassium channel function, specifically KCNK3, during the development of endocrine secondary arterial hypertension. 53 KCNK3 mutation is also associated with the development of HPAH. 8 Estrogen levels regulate Dkk1 expression, important in instances of neuroprotection and bone resorption, 54, 55 possibly through an interaction between estrogen receptor/β-catenin nuclear complex. 56 In support of our results, DKK1 expression has been linked to mutations associated with the development of HPAH.
Another important observation from these studies is the increased localization of DKK1 to lung microvessels and its decreased gene expression during PAH as well as IPF and COPD. In terms of the vasculature, DKK1 negatively regulates angiogenesis and neovascularization during lung development, in normal tissue repair, and in tumors. [57] [58] [59] Our results further define the importance of DKK1 in PAH by revealing that only in the presence of BMPR2 mutation did DKK1 treatment increase gene expression characteristic of the pro-remodeling lung MPCs, including increased expression of ACTA2 and matrix proteins. DKK1 also controls differentiation of adipocytes and influences metabolism via upregulation of peroxisome proliferator-activated receptor γ (PPARγ) and C/EBPα and inhibition of β-catenin. 60 We found that modulation of DKK1 levels regulated the expression of PDK4 in BMPR2-mutant lung MPCs. PDK4 maintains energy homeostasis by regulating the transition between glucose and fatty acid utilization. 27 Its expression also regulates blood glucose levels and glucose tolerance, 61 which are altered in patients with PAH. 62 Gene expression of PDK4 was decreased in lung MPCs from PAH, IPF, and COPD patients and was increased in BMPR2-mutant skin MCs, suggesting a lung-specific vascular metabolic phenotype linked to altered BMPR2 signaling. Taken together, abnormal DKK1 expression has been associated with vascular disease and pathology as well as altered metabolism, features characteristic of PAH.
In this regard, it is interesting to note that inhibition of DKK1 signaling reversed the BMPR2-mutant lung MPC pro-remodeling phenotype by downregulation of gene expression, demonstrating that this pathway is targetable in PAH. The small molecule NCI8642/ gallocyanine efficiently displaces DKK1 from LRP6 and blocks DK1 inhibition of canonical Wnt signaling. 32 Interestingly, PAH lung MPCs, but not skin MPCs, expressed increased levels of the DKK1 inhibitor RSPO2. RSPO2, or r-spondin 2, also activates canonical Wnt signaling by inhibiting the DKK1-LRP6 interaction. 21 The elevated expression of RSPO2 has been associated with transformation of cells in cancer. 63 Increased DKK1 and LRP6 activity has been associated with the development and poor prognosis of cancers. 32, 64 Both molecules are currently under study as therapeutic targets. Current systemic inhibition of Wnt signaling has negative side effects, highlighting the need for the identification and development of novel targets and inhibitors as well as an understanding of the cell-specific variations in DKK1-LRP6-regulated Wnt signaling, as a result of decreased BMPR2 signaling, even within the pulmonary vasculature.
Cell-specific variations in signaling and contradictory reports as to the effects of Wnt signaling on cell phenotype and function are likely the products of cellular and environmental context as well as the multifunctional roles many proteins exert. 65, 66 DKK1 and LRP6 are regulators of canonical Wnt signaling, but they may also induce noncanonical Wnt signaling pathways, 67, 68 both being implicated in the pathology of PAH. 10, 13, 15, 69, 70 To date, we do not understand why carriers of mutations in BMPR2 and other genes (e.g., CAV1) develop PAH; however, a common underlying feature is decreased BMPR2 signaling activity. 8 The intimate associations between the BMPR2 and Wnt signaling pathways, as well as those between BMPR2, DKK1, and LRP6 in PVD, cancer, and development, are an indication that they are likely important in both microvascular repair and the transition to a disease state. However interesting, these studies have been limited by the number and diversity of available patient samples. Ideally, future studies will test whether peripheral blood mononuclear cell expression of PDK4 and DKK1 or circulating plasma DKK1 levels may be used as a biomarker for PVD in PAH, as well as other chronic lung diseases, in a large cohort of patient samples.
In summary, by analyzing the genetic signatures and pathways associated with abnormal ABCG2 lung MPC phenotypes during PAH and evaluating them in lung-and skin-derived MCs, we have identified potential predictor genes for detection of PAH: DKK1, LRP6, and PDK4. We have also identified the DKK1-LRP6 interaction as a targetable mechanism to restore MPC and microvascular function. Our ability to manipulate the LRP6-DKK1 axis in lung MPCs, both in vitro and in vivo, will allow us to substantiate this hypothesis. Broadly, understanding how the elements of MPC and microvascular dysfunction in mutation carriers and idiopathic patients are regulated may have direct relevance to the identification and validation of predictive markers of disease. For example, circulating DKK1 levels have previously been evaluated as biomarkers for cancer as well as coronary atherosclerosis. 71 In addition, the knowledge gained from these studies may also lead to the identification of potential routes for intervention in PVD, before the development of PAH and PH associated with chronic lung diseases, including IPF and COPD.
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